The mechanism that nature applies to dissipate excess energy from solar UV light absorption in DNA is fundamental, because its efficiency determines the vulnerability of all genetic material to photodamage and subsequent mutations. Using femtosecond time-resolved broadband spectroscopy, we have traced the electronic excitation in both time and space along the base stack in a series of single-stranded and double-stranded DNA oligonucleotides. The obtained results demonstrate not only the presence of delocalized electronic domains (excitons) as a result of UV light absorption, but also reveal the spatial extent of the excitons.
The mechanism that nature applies to dissipate excess energy from solar UV light absorption in DNA is fundamental, because its efficiency determines the vulnerability of all genetic material to photodamage and subsequent mutations. Using femtosecond time-resolved broadband spectroscopy, we have traced the electronic excitation in both time and space along the base stack in a series of single-stranded and double-stranded DNA oligonucleotides. The obtained results demonstrate not only the presence of delocalized electronic domains (excitons) as a result of UV light absorption, but also reveal the spatial extent of the excitons.
excitons ͉ femtosecond ͉ spectroscopy ͉ photophysics S ince the early days of DNA photochemistry there has been considerable speculation about the nature of the excited singlet states of the bases, i.e., whether they are localized on a single base or delocalized over several bases (1) (2) (3) (4) . The answer to this question is paramount for understanding the mechanism of UV light-induced chemical reactions that may result in carcinogenic mutations (5) (6) (7) . Although the rich photochemistry of nucleic acids has been extensively studied (5, 6) , the precursor states for chemical reactions damaging the genome are not well characterized. In other words, the nature of these states and the concomitant electronic and nuclear dynamics must be investigated to understand how excitation energy is transformed and dissipated within the double-helix. With respect to the biological consequences of UV light-induced phenomena in DNA most efforts were spent on the investigation of charge migration processes through the base stack (8, 9) . Although photoinduced charge transfer is initiated by electronic excitation, no clear picture has yet emerged of how to describe electronic excitations in DNA. Circular dichroism measurements on single-stranded homoadenines and A⅐T duplexes indicate significant electronic coupling between the adjacent bases in the stack (10) . On the other hand, the fact that the DNA UV spectra closely resemble the sum of the spectra of the constituent bases was interpreted as evidence for strictly localized excited states (1) . Since the pioneering work of Eisinger et al. (2) , who reported a broad red-shifted emission in high-concentrated nucleoside solutions at low temperatures, excimers and exciplexes have been invoked in discussions on nucleic acid (11) (12) (13) (14) (15) (16) (17) . What remains unclear, however, is the question of whether these states are formed as a result of dynamic quenching, i.e., through combined nuclear rearrangements of locally excited bases with nonexcited adjacent bases. Alternatively, the UV excitation of DNA could have excitonic character with shared oscillator strength between adjacent bases. In this article, we provide firm experimental results that indicate the presence of electronically delocalized domains in DNA base stacks as a result of UV light absorption. Our femtosecond spectroscopic data are interpreted and discussed in the framework of molecular exciton theory (18) . The first theoretical studies on molecular excitons in DNA were reported Ϸ40 years ago (19) . Since then, more sophisticated calculations combining quantum chemistry and molecular dynamics have followed (17, 20, 21) . Emanuele et al. (21) recently predicted that the excitation is delocalized over at least two bases.
Several years ago, we (16) reported spectroscopic evidence for electronic delocalization in double-stranded oligonucleotides that contained pairs of a fluorescent DNA base analog. In the present study, we investigated natural single-stranded DNA (dA) n [composed of n ϭ 2, 3, 4, 5, 6, 12, 15, 18 consecutive 2Ј-deoxyadenosine (dA) residues, respectively], as well as double-stranded oligonucleotides (dA) n ⅐(dT) n (n ϭ 12, 18) and (dAT) 9 ⅐(dAT) 9 . The single-stranded homoadenine oligonucleotides were chosen because of their reported helical stack structures in aqueous solutions and the option to systematically control the length of the stack. NMR studies and spectroscopic titrations (22) on (dA) 2 have revealed that 80% of the dinucleotides form a B-DNA helical structure at room temperature, whereas for (dA) 3 the number is 86% (23) . Furthermore, Kohler and coworkers (24) have recently shown that vertical stacking interactions, and not base pairing, dominate the fate of the excited base states.
Results and Discussion
Femtosecond broadband pump-probe spectroscopy enables us to monitor the temporal evolution of the excited-state absorption (ESA), including the absorption of ''dark states'' (i.e., states with negligible fluorescence quantum yields), which are dominant in excited DNA. The combination of broadband spectral probing (from 300 to 700 nm) with a time resolution of Ͻ100 fs allows us to monitor a variety of spectroscopic transitions simultaneously. Some of these transitions are local, i.e., their participating wave functions are localized on individual chromophores or molecular residues. These local transitions are often not very sensitive to changes in the molecular structure that lead to alterations of the interaction between chromophores. On the other hand, there are transitions composed of wavefunctions which are delocalized between different chromophores. Those interchromophoric transitions are generally very sensitive to changes in the molecular structure and electronic delocalization (25, 26) .
Within the first 100 fs after optical excitation the ESA spectra of all nucleic acids studied here change drastically. As reported (27) (28) (29) , the initially excited state of AMP decays to a vibrationally hot ground state with a time constant of Ͻ200 fs. In our experiment, the hot ground-state absorption manifests itself as a broad spectral tail (30) with monotonically rising intensity toward the short-wavelength probing limit at 300 nm (Fig. 1A) . Fig. 1B displays the early-time spectral dynamics of (dA) 6 where the initial band at Ϸ380 nm decays and a new band rises at Ϸ330 nm. (dA) 6 was chosen representatively for all (dA) n systems that show qualitatively identical spectral dynamics. The time scale for the formation of the ESA band Ϸ330 nm is sub-1 ps in all (dA) n systems studied. Dynamic quenching, i.e., the shortening of this ultrafast time component in (dA) n oligomers (with respect to AMP) caused by excimer formation, has not been observed. After 1.5 ps the spectral position of the maximum of the ESA spectrum remains constant (at 330 nm) throughout the excitedstate lifetime of several 100 ps (Fig. 1C) . The observed spectral dynamics can be illustrated in a simple energy level diagram (Fig.  2) . Depending on the local environment of each adenine, one may simplistically distinguish two categories of chromophores: (i) well stacked base domains and (ii) poorly stacked single bases. For well stacked base domains, UV absorption leads to delocalized exciton states where the electronic wave functions are spread over more than a single base. After optical excitation the initially excited states undergo electronic relaxation within the exciton-state manifold, characterized by a pronounced spectral blue shift (from 380 to 330 nm). Entirely consistent with this internal conversion (IC) process is the observed change (i.e., decrease) in oscillator strength. The ultrafast electronic relaxation (sub-100 fs, in agreement with ref. 31 ) is followed by a slower nuclear relaxation process, which may involve modes from the base stack and from the surrounding medium and manifests itself in minor changes of the 330-nm band shape. A comparison of the short-wavelength ESA bands (Ͻ380 nm) in AMP and (dA) n indicates that the underlying electronic transition is localized and thus insensitive to electronic delocalization. On the other hand, the broad ESA band Ͼ420 nm results from interchromophoric interactions and reflects electronic delocalization in the system (see below). The electronically relaxed exciton state has a lifetime of several 100 ps, in accordance with results from previously reported transient absorption measurements (24, 32) . For poorly stacked single bases, parallel to the optical excitation of vertically stacked base domains, monomer-like excitations of single adenine bases occur at places in the sequence where local static and dynamic disorder disrupts the electronic coupling between neighboring bases. These localized adenine states resemble similarity with AMP, which undergoes sub-200-fs IC to its vibrationally hot ground state. The typical spectral fingerprint of hot ground states in all (dA) n systems (as seen in AMP; Fig. 1 A) is superimposed to the 330-to 380-nm ESA bands.
Hence, there are two excited-state processes that occur simultaneously in (dA) n oligonucleotides: (i) a sub-200-fs IC from the initially excited state forming the hot ground state (similar to AMP) and (ii) electronic relaxation (IC) of delocalized exciton states. Fig. 1C Inset displays the ESA spectra of (dA) 2 , (dA) 6 , and (dA) 18 5 ps after excitation. Clearly, all spectra contain the same 330-nm ESA band. However, the long-wavelength part (Ͼ420 nm) of the spectrum depends on the length of the base stack n. This critical observation indicates that the electronic composition of the excited-base states varies with the number of individual bases in the stack and is a manifestation for exciton delocalization. The intensity ratio 435 , between the longwavelength part of the ESA spectrum, dominated by interchromophoric transitions centered at Ϸ435 nm, and the local transition at 330 nm, is proportional to the oscillator strength for Fig. 1 . Temporal evolution of the ESA spectra of AMP (A) and (dA)6 (B and C). Early spectra are shown in blue/green, and late spectra are in orange/red. (C Inset) The averaged normalized spectra between 5 and 9 ps of (dA) 2, (dA)6, (dA) 18 , and (dA)18⅐(dT)18. All spectra shown have been corrected for solvent contributions (see Materials and Methods for details). exciton absorption. Thus measuring 435 as a function of n will provide information about the spatial extent of the exciton. † For instance, if the excitation were only spread over two adjacent bases, 435 would not change with increasing length of the stack because the effective number of stacked adenine dimers is approximately constant in all samples. On the other hand, 435 would continuously increase with increasing n if the excitation were completely delocalized over all bases in the stack. Fig. 3 shows 435 after 3 ps for all (dA) n systems and for three A⅐T DNA duplexes. Two observations are critical: (i) 435 increases monotonically with increasing length of the base stack, and (ii) 435 is not constant over the excited-state lifetime of the bases but decays with a characteristic time constant of 8-10 ps in all DNA systems studied, except for (dAT) 9 ⅐(dAT) 9 oligonucleotides (see Fig. 3 Inset). Structural conversions in nucleic acids such as local transitions from A-to B-DNA are known to occur on time scales several orders of magnitude slower than the observed 10 ps (33) . Therefore, one must conclude that changes in the relative spectral intensities during the excited-state lifetime of the bases are caused by small-amplitude fluctuations in the base stack and/or the surrounding environment (metal ions, solvent) (34) . Fig. 3 shows larger changes of 435 (n) at short stack lengths and a more gradual evolution for larger n. The obtained base stack dependence of 435 reflects an exponential decay of the exciton delocalization length in DNA and reveals a ''1/e delocalization length'' d for (dA) n of 3.3 Ϯ 0.5 bp. Because shorter duplexes are not thermodynamically stable at room temperature, the delocalization length in A⅐T duplexes can only be estimated by comparing (dA) 12 ⅐(dT) 12 and (dA) 18 ⅐(dT) 18 . Although 435 has not reached saturation at n ϭ 12 and continues to increase toward n ϭ 18, the relative change is small compared with the increase of 435 at shorter stack lengths [i.e., between (dA) 2 and (dA) 5 )]. Given the structural similarities with respect to stacking in single-stranded homoadenine sequences and A⅐T duplexes, these results suggest a similar length distribution of the delocalized domains in both types of nucleic acids, albeit A⅐T duplexes appear to have a slightly larger fraction of more extended (d Ͼ 4) delocalized domains. The overall larger values of 435 reflect stronger exciton absorption and thus larger electronic coupling because of shorter base-base distances and/or a more rigid stack structure in duplexes as opposed to single-stranded sequences.
It is interesting to note that the alternating sequence (dAT) 9 ⅐(dAT) 9 reveals an intermediate 435 value that corresponds to the degree of delocalization found in (dA) 4 . In contrast to all of the other nucleic acid systems with vertically stacked adenines (in the same strand), 435 in (dAT) 9 ⅐(dAT) 9 does not change with time. This observation may simply reflect the different electronic character of intrastrand excited A-T-A. . . complexes, compared with A-A-A. . . domains. For instance, one would expect the former complexes to have substantial charge transfer contributions that would not participate in the exciton state wavefunctions formed in homadenines.
Conclusions
Guided by the temporal evolution of the ESA spectra shown in Fig. 1 , the following conclusions emerge. The electronic coupling between stacked bases leads to the formation of delocalized exciton states upon UV absorption. In single-stranded homoadenine sequences the typical 1/e delocalization length is 3-4 bases. However, given the conformational inhomogeneiety of these flexible biopolymers, more extended delocalization is likely to be present in some molecules. Ensembles of A⅐T duplexes have a larger fraction of more extended delocalized domains. This is evidenced by the significant increase in 435 from (dA) 12 ⅐(dT) 12 to (dA) 18 ⅐(dT) 18 . The observed temporal decay of 435 is a clear indication that the electronic exciton structure is dynamic, and that changes in the delocalization length occur during the lifetime of the excited base stack. Because of the observed time scale, these changes must be induced by nuclear motions within the base stack (35) and/or in the immediate surroundings of the DNA. Finally, our results have shown that, despite favorable stacking and apparent strong electronic coupling, there is a substantial fraction of excited DNA molecules that undergo ultrafast IC to the hot ground state, similar as in single bases (24, 32) . It is reasonable to assume that the optical excitation in this molecular subensemble remains localized due to static and dynamic disorder in the stack. In fact, random DNA sequences containing both A⅐T and G⅐C base pairs are even more likely to yield localized ''monomer-type'' electronic states. The effective competition of the monomer-type photophysical pathway with the exciton formation is critical from an evolutionary viewpoint because excess energy is funneled to the ground state in times shorter than needed to make and break chemical bonds. The amount of disorder in the genome will define what fraction of stacked bases can avoid irreversible photo damage by eliminating electronic excess energy in the same fashion as single DNA bases.
Materials and Methods
Femtosecond Broadband Pump-Probe Measurement. The experimental setup has been described in detail (26) . Briefly, for generating the pump and probe pulses a commercial CPA-2010 (775 nm, 150 fs, 1 mJ, 1 kHz) from Clark-MXR (Dexter, MI) was used. Part of the laser output created the 270-nm pump beam using the frequency doubled output of a home-built noncollinear optical parametric amplifier system as the light converter. A small fraction of the 775-nm beam was used to generate the broadband white light continuum between 300 and 750 nm. Artifacts from the solvent were carefully subtracted from the ESA signal following the procedure by Lorenc et al. (36) .
Sample Preparation. AMP was obtained from Sigma/Aldrich (St. Louis, MO) and used without further purification. All RP- † A similar analysis to determine the exciton delocalization length in bacterial lightharvesting antenna systems was applied in ref. 37 . HPLC-purified oligodeoxynucleotides were purchased from Midland Certified Reagent Company (Midland, TX). All samples were prepared in 0.25 M NaCl and 25 mM sodium phosphate buffer (pH 7.15). The double-stranded oligomers (dA) 12 ⅐(dT) 12 and (dA) 18 ⅐(dT) 18 were prepared by mixing equimolar amounts of respective single strands and thermally annealed. All double-stranded oligomers, (dA) 12 ⅐(dT) 12 , (dA) 18 ⅐(dT) 18 , and d(AT) 9 ⅐d(AT) 9 , were heated to 80°C for 10 min, cooled slowly down to room temperature, and used for pump-probe measurement immediately. All sample concentrations were adjusted to have similar absorbance of Ϸ0.9 at 270 nm, and pump-probe experiments were conducted at 22°C.
